Vascular endothelial growth factor (VEGF) is critical to angiogenesis and vascular permeability. It is also important in the endocrine system, in which VEGF mediates the vascular effects of estrogens in target tissues such as the uterus, a response attributed to an estrogen response element on the VEGF gene. Here we asked whether 17␤-estradiol increases VEGF levels in the brain. We focused on the hippocampus, in which 17␤-estradiol and VEGF both have important actions, and used immunocytochemistry to evaluate VEGF protein. VEGF immunoreactivity was compared in adult female rats sampled during the estrous cycle when serum levels of 17␤-estradiol peak (proestrous morning) as well as when they are low (metestrous morning). In addition, adult rats were ovariectomized and compared after treatment with 17␤-estradiol or vehicle. The results demonstrated that VEGF immunoreactivity was increased when serum levels of 17␤-estradiol were elevated. Confocal microscopy showed that VEGF immunofluorescence was predominantly nonneuronal, often associated with astrocytes. Glial VEGF labeling was primarily punctate rather than diffuse and labile because glial VEGF immunoreactivity was greatly reduced if tissue sections were left in an aqueous medium overnight. We conclude that VEGF protein in normal female hippocampus is primarily nonneuronal rather than neuronal and suggest that glial VEGF immunoreactivity has been underestimated by past studies with other methods because there is a labile extracellular pool. We suggest that estrogens may exert actions on female hippocampal structure and function by increasing hippocampal VEGF. (Endocrinology 152: 1745-1751, 2011) V ascular endothelial growth factor (VEGF) is a critical mediator of angiogenesis and vascular permeability (1, 2), which has been implicated in cancer and hypertension. VEGF also is important in reproduction, in which VEGF mediates, for example, estradiol-induced vascularization of the uterus during the ovarian cycle (3, 4) . The effects of estradiol may be transcriptional because there is an estrogen response element on the VEGF gene (5).
In the central nervous system (CNS), VEGF mRNA is expressed in many cells including neurons, astrocytes, and cells associated with blood vessels (6 -8) . Interestingly, VEGF immunoreactivity appears to be relatively weak in most neurons, except for select hypothalamic nuclei (9) . In the hippocampus and neocortex, neuronal VEGF immunoreactivity is normally weak (8, 10) , but immunoreactivity increases after exercise and learning (11, 12) , brain injury (13), hypoxia/ischemia (8, 10), or seizures (14, 15) .
In this study, we asked whether 17␤-estradiol increases VEGF protein levels in the CNS, similar to the periphery. We focused on hippocampus in which 17␤-estradiol has effects that could be mediated by VEGF such as increased postnatal neurogenesis (16 -18) , which is also increased by VEGF (19, 20) . 17␤-Estradiol and VEGF also protect vulnerable hippocampal neurons in CA1 and the hilus after ischemia or seizures (15, 21, 22) . However, the findings have not been entirely consistent, possibly because of the influence of age and oxidative stress on actions of 17␤-estradiol (23) (24) (25) and distinct effects of the primary receptors for VEGF, VEGFR1 vs. VEGFR2 (26, 27) .
To test whether estradiol might alter VEGF protein in hippocampus, we used adult female rats and asked whether VEGF protein levels change in parallel with circulating levels of 17␤-estradiol during the estrous cycle. We also compared VEGF protein levels in female rats after ovariectomy (Ovx) and treatment with 17␤-estradiol or vehicle using a protocol designed to simulate the preovulatory surge of estradiol in intact rats (28) . The results support the hypothesis that 17␤-estradiol increases VEGF in the CNS: hippocampal VEGF immunoreactivity increased in proestrous and 17␤-estradiol-treated Ovx rats. In addition, the results show that VEGF immunoreactivity is primarily astrocytic, not neuronal, and could easily have been missed in the past because most hippocampal VEGF immunoreactivity appears to be rapidly lost from tissue sections ex vivo.
Materials and Methods

Animals
Animal care and use followed guidelines of the National Institutes of Health. Adult female Sprague Dawley were subjects (for details, see Supplemental Materials, published on The Endocrine Society's Journals Online web site at http:// endo.endojournals.org).
Estrous cycle stage determination and RIA
Vaginal cytology was used to determine cycle stage, as described elsewhere (29) . Animals were used after demonstrating at least two 4-d estrous cycles. Estradiol concentrations were assessed from serum samples, as described previously (29) .
Ovx and 17␤-estradiol treatment
Rats were ovariectomized under ketamine (80 mg/kg) and xylazine (6 mg/kg) anesthesia as described previously (28) . Estradiol treatment followed a previously validated injection protocol, simulating the preovulatory surge (28) . Three sequential injections were made starting at 0830 -0900 h: 3 g/kg estradiol benzoate (sc); 11-12 h later, 4 g/kg estradiol benzoate (sc); and 12 h later, 3 g/kg 17␤-estradiol (sc). Animals were killed approximately 2 h after the final injection, when hormone levels were maximal. Vehicle-treated rats received corn oil instead of 17␤-estradiol.
Perfusion and immunocytochemistry
Details of procedures for immunocytochemistry using nonconfocal methods are described elsewhere (30) . For confocal microscopy, sections were placed in PBS (3 ϫ 10 min), followed by 1ϫ saline sodium citrate (0.15 M NaCl per 15 mM sodium citrate; 95 C, 5 min), washed in PBS (3 ϫ 5 min), blocked in 5% donkey serum in 0.3% Triton X-100 in PBS (1-2 h), incubated in the same goat polyclonal antibody to VEGF (1:100) as nonconfocal experiments, and a mouse monoclonal antibody to glial-fibrillary acid protein (GFAP; 1:200; Chemicon, Billerica, MA) or mouse monoclonal antibody to a neuronal nuclear antigen (NeuN, 1:100; Chemicon). Incubation in primary antibodies at 4 C overnight was followed by PBS (3 ϫ 10 min) and incubation overnight at 4 C in secondary antibodies (fluorescein isothiocyanate conjugated antigoat for VEGF, 1:200) or rhodamine-conjugated antimouse for GFAP or NeuN (1:200). Immunolabeling was absent when sections were processed without primary antibody. Microscopy used a Zeiss 510 Meta confocal microscope (Carl Zeiss Microimaging GmbH, Jena, Germany).
Data analysis
Quantification of VEGF immunoreactivity was conducted using ImagePro software (Media Cybernetics, Bethesda, MD). Before analysis, sections were digitally photographed using the same microscope (BX-51; Olympus America, Hauppauge, NY), camera (Spot camera model 2.2.1; Diagnostic Instruments, Sterling Heights, MI) and light settings. Because VEGF immunoreactivity was almost exclusively punctate, immunoreactivity was quantified as number of punctae per 100-ϫ 150-m rectangular viewing frame placed at random within the lamina of interest (DG: hilus, granule cell layer, molecular layer; CA1: stratum lacunosum-moleculare, radiatum, pyramidale, oriens, and oriens/alveus border of subfield CA1b; CA3: stratum pyramidale, lucidum, and radiatum of subfield CA3b). One hundred micrometers was chosen because the thinnest lamina in hippocampus was 100 m thick in our tissue sections. The 150-m length was chosen because of the curvature of some layers, making a larger rectangle not feasible to position identically throughout. Pilot studies demonstrated that it was a sufficient size to capture the range of values for that layer (the variance for values using this size frame was Ͻ 5%).
Computerized thresholding was used to ensure that VEGF immunoreactivity was included, and background, which was much lighter, was excluded. Gray-scale values computed for each section in its entirety revealed two nonoverlapping Gaussian distributions, one with relatively high values representing dark VEGF immunoreactivity and one with low values representing lighter, background staining. The threshold for quantification was placed between these two distributions. The mean gray-scale values of VEGF-immunoreactive punctae were similar (150 -170 with a 0 -255 scale) for all sections. In addition, the area of the viewing frame that was suprathreshold was calculated (Supplemental Fig. 1 ). Septotemporal differences in immunoreactivity were not evident qualitatively, but to ensure that they would not influence the analysis, only dorsal hippocampus was analyzed [corresponding to 2.0 -2.5 mm posterior to Bregma (31)].
Results are reported as mean Ϯ SEM. Statistical analysis of the VEGF data were performed using Bartlett's test for homogeneity of variance, followed by two-way ANOVA. Because significant interaction was observed between the main treatment effects and regional effects (regions reflecting hippocampal layers), comparison of individual group means was carried out using Student's t test (P Ͻ 0.05, two tailed).
Results
VEGF immunolabeling is localized primarily to astrocytes in female rat hippocampus
Confocal microscopy demonstrated that VEGF immunofluorescence was primarily associated with GFAP-labeled processes, in which it typically exhibited a punctate appearance, i.e. the strongest immunoreactivity was evident as small, irregular-shaped profiles (Fig. 1A) . In addition, some lighter, diffuse VEGF immunolabeling of the cytoplasm of GFAP-immunoreactive cells was present (Fig. 1A) . Some of the punctae appeared to be extracellular, at astrocytic plasma membranes (Fig. 1B) . VEGF labeling was also in glia surrounding vessels (Fig. 1C) but did not double label with the neuronal marker NeuN (Fig. 1,  D and E) . This negative result is unlikely to reflect a technical difficulty because double labeling was robust with the same methods after seizures [Supplemental Fig. 2 ; see also Nicoletti et al. (15) ].
Within the hilus and stratum lacunosum-moleculare, there was strong VEGF immunofluorescence. This was also observed using nonconfocal microscopy (Fig. 2) . In the hilus, GFAP-labeled cells with the morphology of radial glia-like progenitors were double labeled by VEGF (Supplemental Fig. 3 ).
Estradiol increases VEGF protein immunoreactivity in hippocampus
Quantitative comparisons of VEGF immunoreactivity were made in rats that were euthanized midmorning (0930 -1130 h) on proestrus (aged 127.0 Ϯ 7.4 d, range 90 -143; n ϭ 7) or midmorning of metestrus (aged 99.9 Ϯ 21.8 d, range 70 -188; n ϭ 7), which were not different ages (Student's t test, P ϭ 0.5406). Ovx rats treated with 17␤-estradiol (76.0 Ϯ 2.4 d old, range 64 -86; n ϭ 9) or vehicle (aged 74.7 Ϯ 4.5 d old, range 60 -86; n ϭ 7) were also not different in age (Student's t test, P ϭ 0.7812). There was no difference in delays between Ovx and treat- Serum concentrations of 17␤-estradiol immediately before perfusion fixation confirmed low levels in Ovx rats treated with vehicle (3.88 Ϯ 0.944 pg/ml, n ϭ 4) and proestrous levels in 17␤-estradiol-treated rats (51.38 Ϯ 5.83 pg/ml, range 38.0 -65.7; n ϭ 4; Student's t test, P ϭ 0.000197 (29, 32) .
VEGF immunoreactivity was increased in intact rats on proestrous morning compared with intact rats on metestrous morning; there also was greater immunoreactivity in Ovx rats treated with 17␤-estradiol relative to vehicle (Fig. 2) . Notably, processing sections after leaving them in buffer overnight, rather than processing immediately, led to greatly reduced immunoreactivity (Supplemental Fig. 4) . Prolonging the reaction did not restore immunoreactivity but led to increased background, and cell layers appeared to develop reactivity also (Supplemental Fig. 4) , which is important because it could lead to the impression that neuronal expression is robust. Therefore, when delays occur or washing tissue is part of the procedure (e.g. for Western blot and ELISA), glial VEGF may be underestimated. These data, in addition to those described above showing VEGF-labeled punctae were often juxtaposed to GFAP-labeled processes, and the identification of glial VEGFRs (26, 27) , suggest that the punctate VEGF immunoreactivity was extracellular VEGF bound to glial VEGF receptors.
Discussion
The results show that estradiol increases VEGF protein immunolabeling in the hippocampus of the adult female rat. VEGF protein appeared to be primarily astrocytic and relatively labile.
The results are consistent with the ability of estrogens to increase VEGF synthesis (5). However, one cannot exclude the possibility that the increase in hippocampal VEGF immunolabeling by estradiol was due to an indirect effect via increased neuronal activity, which has been argued for other effects of estradiol (33, 34) and is important to consider here because VEGF synthesis is activity dependent (11, 14, 15) . In addition, estrogens can increase the permeability of the blood-brain barrier (35-37), making it possible that peripheral VEGF could be redistributing within the brain. VEGF itself could also facilitate entry of VEGF into the brain, because it increases vascular permeability.
It is interesting that VEGF immunoreactivity was robust in stratum lacunosum-moleculare because it is a target zone of several important afferent inputs to hippocampus. One is
FIG. 2.
Increased hippocampal VEGF immunoreactivity on proestrous morning and after estradiol treatment. A, A Nissl-stained section showing the areas of the hippocampus in which micrographs in B and C were taken. Calibration, 200 m. B, 1, VEGF immunoreactivity (arrows) in stratum lacunosum-moleculare (SLM) and the molecular layer (MOL) from an animal that was perfused midmorning of proestrus (Pro). 2, Relatively weak VEGF immunoreactivity in an animal that was perfused midmorning of metestrus (Met) and processed concurrently with the sections from the proestrous rat (B1). V, Vessel. C, 1, In the same animal as B1, VEGF immunoreactivity (arrows) is shown in the hilus and granule cell layer (GCL). 2) Relatively weak VEGF immunoreactivity in the hilus and granule cell layer in the metestrous animal (B2). Calibration (A), 25 m (B and C). D, A Nissl-stained section is used to illustrate the locations of hippocampal areas in the bar graphs on the right, which are analyses of different strata of the hippocampus in intact or Ovx rats. A, Alveus; O, stratum oriens; R, stratum radiatum; LM, stratum lacunosum-moleculare; P, stratum pyramidale; G, stratum granulosum; H, hilus; M, stratum-moleculare; DG, dentate gyrus. E, Quantification of VEGF-immunoreactive punctae for comparisons of proestrous (white, n ϭ 7) and metestrous rats (black, n ϭ 7). Two-way ANOVA: effect of cycle stage, F ϭ 73.457 (df 1,132), P Ͻ 0.0001; hippocampal region effect, F ϭ 38.765 (df 10,132), P Ͻ 0.0001; interaction between cycle stage and region effects, F ϭ 5.209 (df 10,132), P Ͻ 0.0001. Asterisks indicate proestrus significantly greater than metestrus (P Ͻ 0.05). F, Quantification for 17␤-estradiol-treated (white, n ϭ 9) vs. vehicle-treated rats (black, n ϭ 7). Two-way ANOVA: effect of 17␤-estradiol treatment, F ϭ 83.458 (df 1,153), P Ͻ 0.0001; region effect, F ϭ 46.511 (df 10,153), P Ͻ 0.0001; interaction between estradiol treatment and hippocampal region effects, F ϭ 7.800 (df 10,153), P Ͻ 0.0001. Asterisks indicate a significant effect of estradiol treatment (P Ͻ 0.05).
the temporoammonic pathway from entorhinal cortex, which mediates entorhinal input to area CA1 (38) . Therefore, actions of estrogens may regulate hippocampal area CA1 via effects of VEGF on glia in this location. Stratum lacunosum-moleculare also is the site of terminals from nucleus reuniens of the thalamus, which has been shown to exert effects on CA1 neurons (39, 40) . Interneurons are also located in stratum lacunosum-moleculare, which are important in regulating area CA1 pyramidal cell activity (41) . Interestingly, stratum lacunosum-moleculare is a site of cholinergic regulation, which has been linked to the effects of estrogens (42) .
The results have functional implications because of the known effects of estrogens and VEGF in hippocampus, such as stimulation of postnatal neurogenesis in the dentate gyrus (16, 18, 43) . The results of the present study suggest that the effects of estrogens on neurogenesis may be mediated, at least in part, by their ability to increase VEGF in the neurogenic niche. This idea is further supported by the observation that estradiol had a robust effect on VEGF immunolabeling in the hilus. As mentioned above, the border of the granule cell layer and the hilus was often studded by punctate VEGF staining on GFAP-labeled cells. Some of these cells could be radial glia-like precursors because of their immunoreactivity for GFAP, a radial glial marker, and their morphology, which is distinct from typical hippocampal astrocytes (Supplemental Fig. 3) .
In light of the evidence that estradiol and VEGF protect hippocampal neurons from insult or injury (15, 21, 22, 44 -48) , the results of the present study suggest that one of the reasons estradiol is protective is that it increases VEGF protein. An interesting example to consider is stroke, in which female rodents appear to be protected relative to males in experimental models of stroke, and adult women appear to be protected compared with men (48 -52) . One of the reasons for the reduced risk of stroke in females could be that estrogens maintain a higher level of VEGF protein in areas of the brain such as the hippocampus. Increased VEGF may also improve the ability to recover from injury because increased VEGF levels would be likely to increase angiogenesis, which would potentially improve recovery (1, 53, 54) . Indeed, estradiol has been shown to prevent the down-regulation of VEGF in the brain caused by ischemic injury in rodents (55) . It is notable that the primary site of VEGF labeling was not neuronal. This finding is consistent with a previous study showing that hippocampal VEGF mRNA in the principal cell layers of the hippocampus does not appear to change in response to 17␤-estradiol in the rat (56, 57) . Taken together, it appears that both VEGF mRNA and protein expression in neurons of the normal adult hippocampus are not affected by 17␤-estradiol. Instead, another pool of VEGF, which appears to be associated with astrocytes, is increased by 17␤-estradiol. In contrast, after insult or injury, VEGF protein expression is robust in the hippocampal neurons (15, 43, 58) , and an extracellular pool of VEGF develops adjacent to the neuronal processes (Supplemental Fig. 4) .
Other conditions that are known to be influenced by estrogens and have a vascular component, such as migraine, could also involve VEGF regulation. In migraine, many women are known to have cyclical changes in symptoms (59, 60) , and both estrogens and the vasculature have been implicated (61) (62) (63) (64) . Cyclical changes in VEGF protein induced by estradiol could potentially contribute to cyclical variations in migraine (65) .
In conclusion, our results suggest that 17␤-estradiol increases VEGF protein in the brain, analogous to actions of 17␤-estradiol in the female reproductive tract. However, in brain, astrocytes are a primary target. These findings have implications for normal brain function because of the diverse roles of glia, in particular for neuroendocrine regulation because of the contribution of astrocytes to estrogen action (66, 67) , as well as for clinical conditions in which both estrogens and VEGF contribute.
